Abstract: This study proposed a two-phase risk analysis scheme for flood management considering flood inundation losses, including: (1) simplified qualitative-based risk analysis incorporating the principles of failure mode and effect analysis (FMEA) to identify all potential failure modes associated with candidate flood control measures, to formulate a remedial action plan aiming for mitigating the inundation risk within an engineering system; and (2) detailed quantitative-based risk analysis to employ numerical models to specify the consequences including flood extent and resulting losses. Conventional qualitative-based risk analysis methods have shown to be time-efficient but without quantitative information for decision making. However, quantitative-based risk analysis methods have shown to be time-and cost-consuming for a full spectrum investigation. The proposed scheme takes the advantages of both qualitative-based and quantitative-based approaches of time-efficient, cost-saving, objective and quantitative features for better flood management in term of expected loss. The proposed scheme was applied to evaluate the Chiang-Yuan Drainage system located on Lin-Bien River in southern Taiwan, as a case study. The remedial action plan given by the proposed scheme has shown to greatly reduce the inundation area in both highlands and lowlands. These measures was investigated to reduce the water volume in the inundation area by 0.2 million cubic meters, even in the scenario that the flood recurrence interval exceeded the normal (10-year) design standard. Our results showed that the high downstream water stage in the downstream boundary may increase the inundation area both in downstream and upstream and along the original drainage channel in the vicinity of the diversion. The selected measures given by the proposed scheme have shown to substantially reduce the flood risk and resulting loss, taking account of various scenarios: short duration precipitation, decreased channel conveyance, pump station failure and so forth.
Introduction
Climate change is expected to increase the frequency and magnitude of flooding [1] . Flood management is therefore moving toward risk-based methods [2] rather than relying on protection standards. It is important to understand the risks of unexpected system failure in flood control [3] . The concept of design for failure should be implemented in hydraulic engineering practice. Flood risk analysis would be incomplete if it failed to identify potential damage scenarios, estimate the probability of those scenarios and determine the consequences [4] .
The interpretation of risk and uncertainty varies according to the professional discipline. However, according to the very beginning interpretation by [5] , risk usually means a quantity susceptible of measurement in some cases, whereas the term uncertainty shall accordingly restrict to cases of the non-quantitative. Objective risk refer to when the range of possible events is known and the probabilities are measurable; while subjective risk refer to when the probabilities based solely on human judgement [6] . From an engineering perspective, risk refers to the damage resulting from a given event multiplied by the probability of occurrence [7] . Flood risk is a subset of disaster risk, which can be defined as the product of hazard, exposure and vulnerability [8] . Hazard refers to the physical and statistical aspects of flooding (e.g., recurrence interval of floods, extent and depth of inundation). Exposure refers to the population and value of assets subject to flooding. Vulnerability refers to the exposure of people and assets to the effects of flooding [9, 10] . This definition and concept is supported by [11] , who explicitly reconciled the two definitions of risk.
The U.S. Army Corps of Engineers (USACE) adopted a methodology for the evaluation of projects that takes into account uncertainties in hydrologic conditions, hydraulic principles and economic considerations [12] [13] [14] . This conceptual framework provides conceptual guidance in the selection of methods and tools for the estimation of Expected Annual Damage (EAD). These estimates focus on damage that is easily measured in monetary terms, while disregarding the social and environmental consequences [15] . The transition to risk-based methods has led to the adoption of flood risk models as a key component in the management of flood risk. These models combine information pertaining to flood hazard (primarily inundation depth), exposure (land use), the value of elements at risk and the susceptibility of those elements to hydrologic conditions (e.g., depth-damage curves) [16] . Messner et al., 2006 [17] found that the flood damage assessment methods employed in the United Kingdom, the Netherlands, the Czech Republic and Germany differ in detail but follow the same principles based on the four components listed above.
The negative consequences of flooding can be alleviated using the flood control measures aimed at modifying flood runoff. These flood control measures, locally or throughout the entire system, may cause different consequences in hydrologic, hydraulic and economic condition to specific location within a system. By the way of common practice in water resource engineering, the economic impact of a flood control project is estimated according stage-damage, stage-flow and flow-frequency relations [18, 19] , usually based on historical data. While one or more facilities partially or entirely dysfunction, the subsequent expected flood loss can be estimated following the same concept to evaluate the consequence of uncertain events [20, 21] . In economic risk analysis, many sources of aleatory (natural variability) and epistemic (incomplete knowledge) uncertainty are related to the hydrological component [22] ; however, the analysis of flood risk should include the hydrological component [16, 23, 24] as well as the consequence of a failure to control flooding. Nonetheless, only Apel et al., 2006 [3] has adopted this approach in estimating uncertainties from flood frequency statistics and spatial levee breach scenarios. Researchers require a strategy by which to examine potential failure scenarios associated with flood control measures while facilities remain in commission. Szewranski et al., 2008 [25] developed the Pluvial Flood Risk Assessment tool (PFRA) for rainwater management and adaptation to climate change in newly urbanized areas. PFRA allows pluvial hazard assessment, as well as pluvial flood risk mapping. Also, Jamali et al., 2018 [26] integrated GIS with 1D hydraulic drainage network model to develop RUFIDAM, which is to able rapidly estimate flood extent, depth and its associated damage.
Failure Mode and Effects Analysis (FMEA) was developed by engineers in the late 1950s and became a military standard in the 1980s to study problems arising from malfunctions in military systems [27] . FMEA involves reviewing as many components, assemblies and subsystems as possible in order to identify potential failure modes, their causes and their effects. FMEA is commonly used as a first step in evaluating the reliability of a system. The Federal Energy Regulatory Commission [28] has proposed a seven-step FMEA-based program aimed at improving the monitoring of dam safety performance from planning to design, construction and operations. Several studies have summarized potential failure modes associated with flood control measures, such as levees, diversions and pump stations [29, 30] . All possible failure modes should be taken into account when examining the negative consequences of flood control projects. Possible outcomes of system failure would be the information of most importance in selecting flood control measures both in the planning and operation stages.
Risk analysis forms the basis of any attempt at risk reduction in the case of flood risk. Risk analysis includes hydrological, hydraulic, economic and ecological factors [31] . In this study, we proposed a two-phase risk-based analysis scheme to investigating flood management projects systematically. The Chiang-Yuan drainage system is then selected as a case study to estimate inundation loss under a variety of hydrological and failure mode scenarios. Our primary focus in the estimation of inundation loss was on issues related to engineering. Specifically, we evaluated the effectiveness of hydraulic facilities under various hydrological scenarios in terms of maximum inundation depth and the economic losses that would result from failures.
Methodology

Application Procedure
The adoption of engineering practices should be based on an evaluation of the benefits and costs from engineering, environmental and social perspectives. However, this approach tends to disregard risks associated with a partial or complete loss of the functionality of facilities. The susceptibility of flood control measures to extreme hydrological events increases the severity of damage caused by inundation and makes it exceedingly difficult to estimate the probabilities of outcomes. Thus, the selection of an engineering scheme should be based on the assessment of risk.
In this study, we proposed a two-phase risk-based analysis scheme and Chiang-Yuan drainage system was taken as a case study. The first phase is a qualitative screening process incorporating the principles of FMEA to identify all potential failure modes associated with candidate flood control measures [27] . The standard procedure for implementing FMEA includes: (1) developing a worksheet to identify and failure modes and effects; (2) giving each failure mode a probability ranking, a severity ranking and a detectability ranking, (3) multiply the three numbers for each failure mode, also known as the risk priority number (RPN), (4) prioritizing the failure modes. Scheme selection related flood control measures depends on the judgment of experts and screening results [6] . In the event that qualitative analysis is insufficient to derive a suitable solution, then simple risk analysis is used to quantify the inundation volume associated with each of the candidate solutions. All assumptions underlying risk analysis are based on the experience and expert knowledge of engineers. The second phase involves using numerical simulation to conduct quantitative evaluation of the selected engineering scheme. This analysis includes detailed risk analysis aiming at quantifying the spatial distribution of maximum inundation depth and the total potential losses associated with flood inundation under a variety of scenarios and hydrologic conditions as well as the failure of hydraulic facilities.
Simulation Tools
SOBEK developed by WL Delft Hydraulics [32] was selected as a simulation tool for the aforementioned detailed risk analysis, which is often used in flood inundation analysis studies [33] [34] [35] [36] [37] . This model is an integrated numerical modeling package based on one-dimensional (1D) St Venant equations [38] . It is widely used in Taiwan to deal with practical engineering projects where floodplain inundation plays an important role.
GIS-based modeling can be used to integrate flood inundation simulation models with loss estimation models [39] ; however, we used GIS only as a component in the pre-and post-processing of spatial inundation data (input and output). We adopted this approach because inundation loss estimation in this study is limited to direct damage to agriculture land by flooding. 
Overview of Study Area
Lin-Bien River is located in central Pingtung, the southernmost county in western Taiwan (Figure 1 ). The total length of the river is 42 km and its catchment area is 336.30 km 2 . Chiang-Yuan is a drainage system within the Lin-Bien catchment (marked in Figure 1) , with a length of 9023 m and area of 6.93 km 2 . The elevation ranges between 0 m and 27 m and 83.28% of the land elevation at Chiang-Yuan (highlands) is higher than the water stage at the downstream boundary of Lin-Bien River. This means that discharge from upstream can be driven by gravity. Most of the land in the Chiang-Yuan area is for agriculture and a small amount for aquaculture. Pingtung plain is agriculturally productive with a favorable tropical climate. The study region receives annual precipitation of 2100 mm approximately, most of which falls between May and October. The 100 year return period 24-h rainfall could reach 542 mm and 200 year 24-h rainfall could be 597 mm. The uneven distribution of rainfall leads to widespread flooding. 
Lin-Bien River is located in central Pingtung, the southernmost county in western Taiwan (Figure 1 ). The total length of the river is 42 km and its catchment area is 336.30 km 2 . Chiang-Yuan is a drainage system within the Lin-Bien catchment (marked in Figure 1) , with a length of 9023 m and area of 6.93 km 2 . The elevation ranges between 0 m and 27 m and 83.28% of the land elevation at Chiang-Yuan (highlands) is higher than the water stage at the downstream boundary of Lin-Bien River. This means that discharge from upstream can be driven by gravity. Most of the land in the Chiang-Yuan area is for agriculture and a small amount for aquaculture. Pingtung plain is agriculturally productive with a favorable tropical climate. The study region receives annual precipitation of 2100 mm approximately, most of which falls between May and October. The 100 year return period 24h-hr rainfall could reach 542 mm and 200 year 24-hr rainfall could be 597 mm. The uneven distribution of rainfall leads to widespread flooding. An increase in the number of extreme rainfall events due to climate change has brought the issue of regional inundation to the forefront. The WRA (Water Resource Agency, Ministry of Economy Affairs, Taiwan) in Taiwan has proposed a series of projects to deal with flooding issues in floodprone areas [40, 41] . The drainage system near the Lin-Bien catchment is one of the areas included in the project.
Lin-Bien River is located at the outlet of Chiang-Yuan drainage system. The pre-planning scenario conducted prior to the installation of flood control measures indicated that the channel water level could reach 3.1 m at the 10-year return period design discharge. Despite the fact that the main channel section from the downstream boundary to 1 km upstream has been augmented, the height of the natural embankment and the conveyance were insufficient to accommodate the inflow from upstream. The resulting overbank flow could incur considerable economic losses. Since most people live in the highland around the Chiang-Yuan drainage system, no casualty have occurred duo to flooding. Furthermore, the ground elevation of 16.72% area in the downstream near the drainage channel is substantially lower than the sea level. This means that water from Lin-Bien River could An increase in the number of extreme rainfall events due to climate change has brought the issue of regional inundation to the forefront. The WRA (Water Resource Agency, Ministry of Economy Affairs, Taiwan) in Taiwan has proposed a series of projects to deal with flooding issues in flood-prone areas [40, 41] . The drainage system near the Lin-Bien catchment is one of the areas included in the project.
Lin-Bien River is located at the outlet of Chiang-Yuan drainage system. The pre-planning scenario conducted prior to the installation of flood control measures indicated that the channel water level could reach 3.1 m at the 10-year return period design discharge. Despite the fact that the main channel section from the downstream boundary to 1 km upstream has been augmented, the height of the natural embankment and the conveyance were insufficient to accommodate the inflow from upstream. The resulting overbank flow could incur considerable economic losses. Since most people live in the highland around the Chiang-Yuan drainage system, no casualty have occurred duo to flooding. Furthermore, the ground elevation of 16.72% area in the downstream near the drainage channel is substantially lower than the sea level. This means that water from Lin-Bien River could intrude into the inner drainage system and inner flow cannot drain by gravity while the sea level is high. Despite the installation of two pumps (capacity of 0.3 m 3 /s) at the downstream outlet of the drainage system, downstream villages are still exposed to a higher risk of inundation.
The risk of flooding is due to the insufficient conveyance of the main channel and the influence of backwater effects from Lin-Bien river's stage as the external downstream boundary condition of this system. These factors hinder the release of floodwaters via the downstream section of Chiang-Yuan drainage system. The installation of hydraulic facilities will be necessary to mitigate the risk of flooding and associated economic losses.
Application and Results
Phase 1: Qualitative-Based Risk Analysis
Flood Control Options
The government has initially formulated five flood control options to increase the conveyance of the main drainage channel of Chiang-Yuan Drainage system [41] . All of the proposed flood control measures are structural in nature, as outlined in Table 1 . The selection of flood control measures was based on the need to limit flow discharge into the lowland area. Figure 1 shows the locations in which the various control measures would be installed. The objective behind options I, II and III was to divert discharge from the highlands in the upstream channel to the Lin-Bien River. Options I and II are the open-channel diversions respectively located at points 1.930 km and 1.035 km from the downstream outlet. It was planned that the height of the channel embankment would be increased from the diversion to the point of 3.860 km or 2.653 km upstream. Option III would divert the upstream discharge into the same location as Option I; however, a box culvert would be used. It was planned that the height of the channel embankment would be increased over a longer distance, extending from the diversion to a point 4.795 km upstream. The length of the diversion would be 1.500 km for options I and III but only 0.630 km for option II. The objective behind option IV would be to collect discharge from a point further upstream through the installation of a detention pond. The location of the detention pond was not specified; however, it would be in an area close to the intersection between the highland and lowland areas.
Unlike the first four options, option V was not meant to divert flow to other channels or stored it in the highland area upstream. The height of the channel embankment would be increased between the downstream boundary and a point 2.6 km upstream with the aim of preventing overflow in lowland areas. A 4 km water collocation system behind the embankment and a downstream pump (with capacity of 9 cm/s) would also be used for the removal of discharge from the drainage channel in lowland areas. Nonetheless, in the specific locations for these systems were never specified. The objective behind option IV would be to collect discharge from a point further upstream through the installation of a detention pond. The location of the detention pond was not specified; however, it would be in an area close to the intersection between the highland and lowland areas. Unlike the first four options, option V was not meant to divert flow to other channels or stored it in the highland area upstream. The height of the channel embankment would be increased between the downstream boundary and a point 2.6 km upstream with the aim of preventing overflow in lowland areas. A 4 km water collocation system behind the embankment and a downstream pump (with capacity of 9 cm/s) would also be used for the removal of discharge from the drainage channel in lowland areas. Nonetheless, in the specific locations for these systems were never specified. Figure 2 presents the procedure for selecting a remedial action plan. This procedure begins with the screening of all possible risk factors associated with the five remediation options. Overbank flow adjacent to the main drainage channel and diversion channel was identified as the most pressing threat associated with options I and II. Option III threatened additional overbank flow at the inlet of the box culvert. Option IV raised the greatest concern associated with a large area of land requisition by government. The fact that option IV would also imposed the highest capital expenditure eliminated it from consideration.
It was observed that the functionality of the pump station is critical to the safety of low-lying areas. If the pump station were submerged by channel discharge, the lowland damage caused by inundation could be severe. Thus, a pump system (10 m 3 /s) was installed at the outlet of Chiang-Yuan Drainage system prior to commencing the project at Lin-Bien River. Thus, option V, which relies Figure 2 presents the procedure for selecting a remedial action plan. This procedure begins with the screening of all possible risk factors associated with the five remediation options. Overbank flow adjacent to the main drainage channel and diversion channel was identified as the most pressing threat associated with options I and II. Option III threatened additional overbank flow at the inlet of the box culvert. Option IV raised the greatest concern associated with a large area of land requisition by government. The fact that option IV would also imposed the highest capital expenditure eliminated it from consideration.
Scheme Selection
It was observed that the functionality of the pump station is critical to the safety of low-lying areas. If the pump station were submerged by channel discharge, the lowland damage caused by inundation could be severe. Thus, a pump system (10 m 3 /s) was installed at the outlet of Chiang-Yuan Drainage system prior to commencing the project at Lin-Bien River. Thus, option V, which relies heavily on additional pump stations, was not considered a viable candidate for the remedial project in this study.
Qualitative analysis is insufficient to judge the viability of Options I, II and III; therefore, we implemented a simplified risk analysis model. Three scenarios were formulated to assess the flooding risks associated with the three options. Despite the fact that the existing drainage channel and proposed open-channel or box culvert diversion (in options I, II and III) would provide sufficient capacity to avoid flooding in the foreseeable future; however, there remains a strong possibility that the conveyance would be compromised by sedimentation. Thus, we assumed three scenarios in which the highland channel maintained: (1) full conveyance, (2) two-thirds capacity and (3) half capacity. The three scenarios differ in the ability of the system to deal with highland discharge but impose the same requirement that lowland discharge be drawn off using the 10 cm/s pump at the downstream outlet of the system.
According to a government report [41] , no rain gauges are located precisely within the Chiang-Yuan Drainage system. Therefore, we used annual precipitation data from fourteen rain gauges in the vicinity of the simulation area to derive the maximum two-day precipitation in the study area using the isohyetal method. The relatively flat topography in the study area and the strong influence of the external boundary on drainage efficiency means that the concentration time is larger than urban or mountainous areas. For this reason, we opted not to use storm patterns in the calculation of rainfall intensity. We uses the 48-h design from the planning report of Lin-Bien watershed, in which the Lin-Bien Bridge was used as a control point [40] . The location of the hydrologic gauges and control point are indicated in Figure 3 . heavily on additional pump stations, was not considered a viable candidate for the remedial project in this study. Qualitative analysis is insufficient to judge the viability of Options I, II and III; therefore, we implemented a simplified risk analysis model. Three scenarios were formulated to assess the flooding risks associated with the three options. Despite the fact that the existing drainage channel and proposed open-channel or box culvert diversion (in options I, II and III) would provide sufficient capacity to avoid flooding in the foreseeable future; however, there remains a strong possibility that the conveyance would be compromised by sedimentation. Thus, we assumed three scenarios in which the highland channel maintained: (1) full conveyance, (2) two-thirds capacity and (3) half capacity. The three scenarios differ in the ability of the system to deal with highland discharge but impose the same requirement that lowland discharge be drawn off using the 10 cm/s pump at the downstream outlet of the system.
According to a government report [41] , no rain gauges are located precisely within the ChiangYuan Drainage system. Therefore, we used annual precipitation data from fourteen rain gauges in the vicinity of the simulation area to derive the maximum two-day precipitation in the study area using the isohyetal method. The relatively flat topography in the study area and the strong influence of the external boundary on drainage efficiency means that the concentration time is larger than urban or mountainous areas. For this reason, we opted not to use storm patterns in the calculation of rainfall intensity. We uses the 48-hour design from the planning report of Lin-Bien watershed, in which the Lin-Bien Bridge was used as a control point [40] . The location of the hydrologic gauges and control point are indicated in Figure 3 . In this study, we estimated the inundation volume and depth based on the highland and lowland discharge of the 10-yr design standard. The discharge associated with the various recurrence intervals was derived using the triangular hydrograph method based on maximum two-day precipitation data [41] . The proportion made up by highland areas (83.28%) and lowland areas In this study, we estimated the inundation volume and depth based on the highland and lowland discharge of the 10-yr design standard. The discharge associated with the various recurrence intervals was derived using the triangular hydrograph method based on maximum two-day precipitation data [41] . The proportion made up by highland areas (83.28%) and lowland areas (16.72%) was used to determine the distribution of the total discharge. As shown in Table 2 , we selected a 10-year design flood as the design standard, as follows: highland areas (57.44 cm/s) and lowland areas (11.53 cm/s). The analysis process was further simplified by disregarding factors pertaining to land use in neighboring areas. The discharge was set as follows: highland areas (60 cm/s) and lowland areas (10 cm/s). Table 3 lists the results of simplified risk analysis in terms of inundation depth and total inundation volume under the three scenarios. Using a 10-year design flood for full flood conveyance, we can see that the highland areas did not undergo inundation, due to the fact that the discharge (57.44 cm/s) was less than the design standard (60 cm/s). The highland inundation occurred when the discharge quantity attained the 25-year design flood. On the contrary, the inundation occurred at the lowland where the discharge (11.53 cm/s) exceeds the design standard of 10 cm/s. In this scenario, the drainage time was shown to be 0.49 h. The definition of drainage time is defined as the time required for a fully functional 10 cm/s pump to draw out sufficient discharge to prevent the occurrence of flooding in highland as well as lowland areas. Inundation depth was derived by dividing the total inundation volume by the overall drainage area (6.93 km 2 For years of higher hydrologic activity (25 years/50 years/100 years), the inundation depth was as follows: 66% capacity (1.42 m/1.76 m/2.00 m) and 50% capacity (2.82 m/3.27 m/3.59 m). These results clearly illustrate the severe consequence of a decrease in conveyance due to the accumulation of sediment in drainage channels. Considering the difficulties involved in dredging a box culvert, (compared to an open channel), we surmise that option III would face a higher risk of inundation (compared to options I and II), thereby eliminating it as an option for the remedial action plan.
Simplified risk analysis confirmed option II as the optimal remedial action plan, due to its ability to divert highland discharge, low implementation cost and ease of dredging. The fact that the diversion path of option II is shorter than that of option I would also be helpful in preventing the expansion of inundation area from overbank flow. This first step is a time-saving procedure which avoid too much following complete numerical analysis. With the first step examination, we selected option II (open-channel diversion) to reduce the risk of flooding in the Chiang-Yuan Drainage system. The model was originally developed using SOBEK by the Water Resource Planning Institute (WRPI), Water Resources Agency. The SOBEK Chiang-Yuan model used in this study was previously calibrated and validated by [42] . Two models were established: the original drainage system and the system renovated using the remedial action plan. The grid size in the simulation module was set at 20 m × 20 m. In each simulation, we derived the maximum inundation depth over a period of 48 h (simulated) using the 1D Flow Module and 2D Overland Flow Module in SOBEK. GIS was also used to produce inundation maps by reclassifying the size of the flood area based on differences in maximum inundation depth.
Simulation Scenarios
The simulation scenarios were divided into those of diverse hydrologic conditions and those associated with failure modes. The diverse hydrologic situations simulated the study area without the proposed upgrades were adopted as a control. Table 4 lists the information related to the scenarios using in the simulations. All simulations were based on the aforementioned SOBEK models using a maximum two-day precipitation series as input data for diverse hydrologic conditions. The hydraulic model SOBEK is employed to simulate failure mode scenarios for further analysis. As shown in Table 4 , we assumed that the water level under the 48-h event was 1.38 m higher or 0.68 m lower than the tidal stage of Lin-Bien River, based on previous reports [41] . The former value was used to determine the severity of flooding; that is, river bank overtopping event can cause difficulties for internal draining. The latter value was used to examine whether the low external boundary could lead to higher hydraulic gradient and flow velocity which may cause the channel scour at the downstream section.
In a summary of several recent studies, Westra et al., 2014 [43] concluded that extreme rainfall at sub-daily time scales intensifies more rapidly than does rainfall measured at daily time scales, which increases the magnitude and frequency of flash floods. Based on the results of two-day precipitation under various recurrence intervals, we first selected 3 h as the rainfall duration by deriving the coefficients of Intensity-Duration-Frequency (IDF) curve using the objective function [41] . In case of rainfall scenarios of short durations, three-hour precipitation with the alternating block method is used to decide the rainfall pattern.
To take into account situations in which the channel path is congested with sediment, we increased Manning's n coefficient to a factor or ten times the normal condition and reduced the cross sectional area of the diversion to half its original size. The first adjustment is meant to simulate situations in which the conveyance is significantly reduced, whereas the latter value is meant to simulate situations involving the collapse of the diversion.
We also took into account the possibility of pump station failure, such that the channel is overwhelmed. We adopted 10-year and 25-year design precipitation as the background hydrologic setting for the simulation of all failure mode scenarios, except those involving decreased conveyance, for which we used only 10-year precipitation values.
Diverse Hydrologic Scenarios
One of our objectives in this case study was to verify the efficacy of the proposed flood control measures. We therefore focused on a comparison of results obtained with and without the implementation of the remedial action plan. Figure 4 presents maps showing the spatial distribution of inundation area based on differences in the maximum inundation depth in the Chiang-Yuan Drainage system. Figure 4a ,b clearly show that the depth of inundation was less in scenarios in which the remedial action plan was implemented. The inundation area was also reduced in highland as well as lowland areas. Before the application of flood control plan, the maximum inundation depth and inundation area for both highland and lowland have been observed to increase. However, following the adoption of the remedial action plan, the inundation results in highland and lowland areas presented similar range and scale regardless of recurrence interval. Furthermore, the inundation area of less than 1.00 m in lowland areas diminished significantly under all recurrence intervals. Moreover, most of the inundation in lowland areas was in the vicinity of the raised embankments and the pump station. This is a clear indication of the usefulness of the diversion in mediating overbank flow.
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Failure Mode Scenarios
We also sought to elucidate how the inundation area would be affected in the case that flood control measures fail to maintain full functionality. Figure 5 presents the maximum inundation depth under all failure mode scenarios, including with the scenarios of high downstream water stage, the scenarios of low water stage in the external boundary, scenarios involving short duration precipitation and scenarios involving pump station failure with 25-year recurrence intervals. We also looked at two scenarios involving decreased conveyance (high Manning's n value or half cross-section for diversion) under 25-year recurrence interval. Figure 5 presents maps showing the locations where the amount of inundation area actually increased after the implementation of the remedial action plans. This arrangement is because the inundation increment is not quantitatively significant for failure mode cases. The red mark indicates the difference in inundation areas of various depths between scenarios with fully functioning remedial action plans and cases of failure. Table 6 shows the areas affected by inundation of various depths for each failure mode. It also shows the difference in inundation area of various depths between in scenarios with fully functioning remedial action plans and cases of failure. The positive values refer to an increase in the inundation area, whereas the negative values refer to a decrease in the inundation area.
Scenarios based on the external boundary with water levels of 10-year and 25-year recurrence intervals, revealed that the inundation area of any depth could increase, except in the case where the depth is below 0.25 m or between 1.00 m to 1.25 m. We observed a larger increase in the inundation area of 0.25 m-0.75 m deep, compared to any other depth. The inundation area at a depth of 0.25 m-0.50 m and 0.50 m to 0.75 m increased by 1.48 ha and 0.72 ha (10-year) and 2.52 ha and 0.56 ha (25-year) . This is a clear indication that the high external downstream boundary would increase the inundation area in lowland areas, including upstream lowland areas and the original drainage channel in the vicinity of the diversion.
Conversely, the inundation area decreased for different depth intervals as the low external boundary has increased the drainage efficiency. As shown in Table 6 , using 10-year recurrence intervals, the inundation area of various depths (0. Figure 5b also shows that the difference in the inundation area does not vary significant in the scenarios where remedial action plans were implemented by the external water levels were low.
The scenario involving precipitation over a short duration is a special case. As shown in Figure 5c , a smaller area was affected by inundation (of any depth) when remedial action plans were implemented, due to a reduction in the volume of water. Nonetheless, we observed an increase in the inundation area in upstream highland areas. As shown in Table 6 , compared with the scenarios without engineering projects, the inundation area decreased when the depth of the inundation was less than 0.50 m for a 10-year recurrence interval. We observed an increase of 0.72 ha/1.00 in the inundation area of various depths (<0.25 m/0.25 m-0.50 m) for the 10-year recurrence interval. By contrast, we observed a decrease in the inundation area of between 0.25 m to 0.50 m and 1.00 m and 1.25 m for the 25-year recurrence interval. We observed an increase of 2.84 ha/0.16 ha in the inundation area of various depths (0.25 m-0.50 m/1.00 m-1.25 m) for 10-year recurrence interval. We infer from this that the maximum inundation depth would likely increase with higher downstream water level in the external boundary.
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Pump station failure did not influence the inundation area as strongly as a decrease in conveyance. The inundation area of various depths (0. Figure 5e . From this, we can infer that a decrease in the conveyance of a diversion should has spatial similarity with pump station failure for a certain extent in considering the increment of inundation area.
Flood Loss Estimation
Estimating flood/inundation losses is an essential component in risk-oriented flood design, risk mapping and formulating financial appraisals in the reinsurance sector. Simple models, such as stage-damage curves, are widely used to estimate flood/inundation loss. Flood/inundation loss models require data sufficient to derive multi-factorial loss models to ensure validity [29] . Flood damage can be broadly classified as tangible and intangible. Tangible flood damage that can be expressed in monetary terms can be divided into direct and indirect damage, which can be further subdivided into primary and secondary damages [44, 45] . Direct tangible flood damage is caused by direct contact with floodwater. In this study, most of the land in the study area is agricultural. We therefore assumed that the entire simulation space is agricultural in nature, such that losses are restricted to primary tangible damage.
This study illustrates the relationship between inundation depth on the Pingtung Plain and the reduction in agricultural yield per hectare (ha), based on historical data .50 m) were 17.0%/32.5%/47.5%/67.5%/90.0%/100.0%, respectively. We also observed a correlation between the reduction in agricultural yield and crop production period, inundation depth, inundation duration, flood turbidity and the depth of sediment accumulation. We estimated the loss of agriculture product due to inundation at 0.2 million ($ NTD) per hectare (ha). Table 7 lists the monetary losses due to inundation in scenarios with and without the implementation of remedial action plans. The positive difference of inundation loss between without and with project scenarios refers to the decrement of economic loss and vice versa, after adopting the remedial action plan. We found that when the remedial action plans was implemented, monetary losses due to inundation increased when the inundation depth was between 1.00 m and 1.50 m, regardless of the recurrence interval. Clearly, the proposed remedial action plan can be beneficial in reducing economic losses. The monetary losses due to inundation (2-year/5-year/10-year/25-year/50-year/100-year) were 1.37 million/1.89 million/2.36 million/ 3.03 million/3.40 million/3.79 million NT dollars. Our results appear to be persuasive, particularly in light of the fact that the losses increased with the increasing recurrence interval. Table 8 lists the economic losses due to inundation in scenarios involving the implementation of remedial action plans and where those plans failed. It is not surprising that the scenarios involving rainfall of short duration incur lower monetary losses due to less volume of flood during this short time. The scenarios of low water level in external boundary also showed the mitigation of inundation loss value(s) which could attain 0.01 million and 0.02 million NT dollars for 10-year and 25-year recurrence intervals. The remaining scenarios (10-year high external water level/25-year high external water level/10-year high value of Manning's n/10-year half transect area/10-year pump station failure/25-year pump station failure) resulted in monetary losses of 0.21 million/0.24 million/ 0.27 million/0.19 million/0.12 million/0.13 million NT dollars, due to inundation. Our results confirm that boundary effects have a pronounced effect than pump station failure on inundation volume and monetary losses. The increment of monetary loss value(s) for the decreasing flood conveyance scenarios may be caused by the channel siltation in actual circumstances. 
Conclusions
In this study, we proposed a two-phase risk analysis scheme for flood management, using qualitative risk analysis in the first phase and quantitative risk analysis in the second phase. The screening/comparison procedure in the first phase employs failure mode and effects analysis (FMEA) for the selection of the optimal remedial action plan in terms of mitigating the risks of flood/inundation. In the event that the qualitative approach fails to identify the optimal remedial action plan, then simplified risk analysis is used to quantify the volume of inundation associated with the various candidate plans. In the second phase, numerical simulations based on the results of quantitative analysis are conducted. The proposed flood management scheme was employed to investigate the Chiang-Yuan Drainage system as a cases study in order to evaluate its effectiveness.
Options IV (Detention Pond) and V (Pump Station) were ruled out in the screening process of the first phase, due to social and environmental concerns as well as the inherent dangers associated with a reliance on pumping stations. We also conducted simulations involving three scenarios in which the highland channel was limited in conveyance (relative to the 10-year recurrence interval) due to sedimentation. Simplified risk analysis revealed option II as the best remedial action plan, in terms of capital outlay and the threat of silting in the drainage channel.
Simulation results revealed that the implementation of the remedial action plan (installing diversions and the raising of embankments) reduced the inundation area in the highland as well as lowland areas, regardless of the recurrence interval. These efforts were shown to reduce the inundation volume by more than 0.2 million cubic meters under the 10-year design scenario.
We also conducted failure mode scenarios to determine how the area would be affected by inundation in the event that flood control measures were unable to maintain full functionality. Scenarios involving high downstream water stages in the external boundary were shown to increase the inundation area in lowland areas, upstream regions of the lowland areas and the original drainage channel in the vicinity of the diversion. Conversely, the inundation area decreased as low water stages in the external boundary increased drainage efficiency. The maximum flow velocity and water profiles in the diversion indicated that there would be no risk of channel erosion downstream or hydraulic jump. Scenarios involving precipitation of short duration are a special case. Though the inundation area of different maximum inundation depth was less than the scenarios with construction projects, the inundation area expanded at the upstream highland area. Unfortunately, the proposed scenario involving precipitation of short duration does not reflect reality due to the fact that the rain gauges in SOBEK are stationary. In the two scenarios involving a decrease in the conveyance of the channel(s), it revealed that the Manning's n value has a more pronounced effect than the conveyance in terms of the inundation area. A failure of the pump station was shown to have less effect than the conveyance in terms of the inundation area. We can infer from this that the decreasing flood conveyance in diversion should has spatial similarity with pump station failure for a certain extent in considering the increment of inundation area.
Traditionally, the flood control practices are formulated with some design standard of protection, to remove the risk of flooding from events up to some return period, commonly the 1 in 100 year return period event. This study try to examine on how each intervention strategy will fail as a result of a more extreme event occurring or for other reasons. This study tries to realize the new concept of flood control which is called a design for failure [47] . Nonetheless, this analysis could be extended using advanced methodologies and tools. The proposed procedure is also applicable to more general engineering systems. 
